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Abstract 
Ultrashort pulsed lasers like ps- and fs-lasers with single pulses and pulse bursts allow a high ablation rate combined 
with a superior quality for several materials like copper and brass as well as glass and dielectrics. In case of steel 
surfaces this known quality could not be transferred, because after a defined ablation depth the surface roughness 
increases. An increased roughness is mainly caused by a growing area of cone like protrusion structures (CLP) with 
increasing of the ablation depth. To avoid this phenomenon a melt concomitant ablation, due to some 100ps pulse 
duration was applied with a moderate pulse energy of 30µJ. The results show no CLP structures and a decreased 
surface roughness in combination with an acceptable recrystallization of melt residues around the ablation area. The 
non-melt-free ablation process with residual molten volume caused by the longer pulse duration (compared to USP-
lasers) has to be compensated through a higher laser power. This investigation shows an approach with a 
parallelization of several separate modulated laser spots for increasing the processing speed. 
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1. Motivation / State of the art 
With pulse durations of  <10 ps and a fluence of  <10 J/cm², copper surfaces and some other metal surfaces can be
removed in a nearly melt-free way or micro-structured (Fig. 4). A surface roughness of Ra >0.4 micron can be 
achieved in a planar erosion. Thus, through a layer by layer material removal, also gradual three-dimensional shapes 
can be produced, starting from a digital data set which is transferred to the surface [1].
However, micro-structured copper surfaces do not deliver useful properties for all industrial applications. Steel
surfaces are often preferred, because they have several advantages compared with other metals, such as hardness, 
wear resistance, heat resistance and toughness. Moreover, these properties are also individually adjustable.
Therefore, it is not surprising that steel is preferably used for tools in stamping and printing applications. If, for these 
applications, micro-structured surfaces are required, they are currently produced by lithographic technologies, micro-
drilled or by direct laser ablation in some 100 ns-pulse regime. 
Micro-structuring of stainless steel X1.4310 or of steel St-52 surfaces by means of ultra-short pulsed lasers 
produces various side effects such as cone-like protrusions CLPs [2] or hole formations (Fig. 6). These effects can be 
reduced by a suitable choice of parameters (usually in the range of a fluence in the ablation threshold), but cannot be
completely prevented. In the case of stainless steel X 1.4310 and steel St-52, surface defects are emerging on the 
ablated area like clusters. The formation of the CLP starts at some nucleation of the surface (Fig. 1). During a further 
laser ablation the clusters of CLP are being formed and are growing until the complete area of the ablation zone is 
covered. The pulse to pulse overlap, adjusted with the surface speed at constant pulse repetition rate of 2 MHz, has 
an influence on the growth of the CLP clusters as demonstrated in Fig. 1, Fig. 2 and Fig. 3. The CLP area in the 
ablation zone is expanding with decreasing pulse to pulse distance. 
Fig. 1. X1.4310, scanning speed 18m/s, pulse duration: 10ps.  Fig. 2. X1.4310, scanning speed 15m/s, , pulse duration: 10ps. 
Fig. 3 X1.4310, scanning speed 12m/s,  pulse duration: 10ps.  Fig. 4. copper, scanning speed 15m/s, pulse duration: 10ps. 
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The phenomenon was observed as well with some Aluminium alloys e.g. AlMg3. The CLP phenomenon causes a 
reduced resolution, a higher surface roughness and disturbs the layer based 3D ablation. If this process has been 
started once, it could not be stopped by a parameter change of the ultra-short pulse laser. Two different nucleation 
factors can be stated:  an amorphous structure of the material or a locally higher surface roughness. 
Fig. 5. Stainless steel, X1.4310, scanning speed 12m/s, pulse duration: 10ps.   Fig. 6. Dots and CLP (SEM picture), [2]. 
2. Experimental studies of high repetitive laser pulses in material processing 
The sub-ns-laser ablation studies have been performed with the high precision cylinder micromachining system 
DIGILAS from Schepers. In this approach, the laser spot was moved by a slow feed along the axis of a fast rotating 
cylinder. Fig. 7 shows the machine design with a rotating cylinder between two tail stocks. The laser is mounted on a 
carriage that moves along the cylinder axis controlled by the data flow. The rotational symmetry of the cylinder 
allows fast and constant scanning speeds of up to 40 m/s even with heavy cylinders with lengths of up to 8m and 
diameters of up to 1.2m. The mechanical construction of the system allows a ultra-high precision of the rotating 
cylinder. Cylinders between the tailstocks can be adjusted with a circumference and axial accuracy of below 2µm. 
The combination of a fast rotating work piece with a high circumference resolution (1,2m with 1µm resolution) and 
ultra-high precision allows a stable process over a very large area. 

Fig. 7. High precision cylinder micro machining system.

Fig. 8. Beam separation by a fast moving workpiece. 

Cylinder engraving systems allow implicit parameter studies with different pulse overlaps without using a fast 
spot moving device. A benefit of this approach is the high synchronism of the fast cylinder rotation which allows 
high precision. While the laser spot is moving relatively slow (1-5 mm/s) along the cylinder axis, the rotating 
cylinder defines the scanning speed. By means this method, the pulses are in the MHz repetition range and can be 
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placed on the surface of the cylinder without pulse to pulse interaction (without pulse overlap in the direction of 
circumference of the cylinder). By altering the rotation speed of the cylinder the overlap between two consecutive 
pulses can easily be adjusted. The time for one rotation is in the ms-range so that the pulse overlap in axial direction 
has no effect on the ablation process itself (e.g. thermal effects). This allows the local accumulation of many pulses 
by keeping the precision of the short-pulse ablation process at the same time. The ablation behavior of steel has been 
investigated by engraving rotogravure cells with a diagonal diameter of 150µm (Fig.9). Depending on the sort of 
steel, ablation rates of up to 1 mm³/min can achieved. Due to the high precision of the workpiece (turning cylinder), 
short focal lengths can be used. With a spot size of 7-8µm a lateral machine resolution of 1µm was applied.  
Following laser sources have been investigated in the above illustrated cylinder engraving system:
Table 1. Laser parameter and ablation rate comparison. 
 10ps Laser 150ps Laser 1,5ns Laser 
Pulse duration 10ps 150ps 1,5ns 
Pulse repetition rate 2MHz 1MHz 600KHz 
Average power 80W 30W 18W 
Pulse energy 40µJ 30µJ 30µJ 
All laser sources were integrated in combination with the same beam delivery and focusing unit, so that the 
conditions for all test samples are constant. For producing 3D micro structures, layer by layer ablation was used. In a 
preparatory investigation the ablated depth per pulse, which relates to the material and the laser parameter, had to be 
investigated.  
3. Results 
3.1 Ablation rate with respect to the pulse duration 
The ablation rate depends on the applied fluence Fx with respect to the specific threshold fluence Fth of the 
material and is limited by the material dependent thermal penetration depth d of the pulse. The experimental ablation 
rates were evaluated by engraving 150µm² in a stainless steel X1.4310 substrate. These cells were ablated with pulse 
durations of 1,5ns and different fluencies (6, 12, 18, 24 and 30 J/cm²), adjusted by an external pulse picker) and a 
scanning speed of 1,5 m/s. For achieving cell depth of up to 100µm, 250 layers with a machine resolution of 1µm 
were applied. The engraved cells of this investigation are shown in Fig. 9-11. 
 
Fig. 9. 18J/cm², 100 Repetitions, Ablation depth: 35µm , pulse duration: 1,5ns.              Fig. 10.  24J/cm², 100 Repetitions, Ablation depth: 44µm. 
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
Fig. 11. 30J/cm², 100 Repetitions , Ablation depth: 61µm, pulse duration: 1,5ns. 
Compared with an ultra-short pulse laser, the removal rate using 150ps-Laser and 1ns-Laser at  X1.4310 steel is 
as follows: 
Table 2. Laser parameter and ablation rate depending on pulse duration. 
 10ps Laser@40µJ 150ps Laser@30µJ 1,5ns Laser@30µJ 
Ablation per Pulse 8,3 ൈ ͳͲିଽ mm³/Pulse 0,83ൈ ͳͲିଽ mm³/Pulse 1,33ൈ ͳͲିଽ mm³/Pulse 
Compared to ps-laser ablation, the rate of removal with pulse length in the several 100ps regime is still 
magnitudes lower as shown in Tab 2. But in consideration of the quality, the several 100ps laser pulses show no 
defects such as CLP´s and holes during the removal. Those defects did not arise even after repeating hundreds of 
layers and until a fluence of 30J/cm² as shown in Fig. 11.  
3.2 Quality assessments in consideration of the pulse duration 
Due to the positive removal rate tests, further investigations to determine the surface roughness were performed. 
Areas were ablated, where the pulse energies were varied by a data asset and controlled by the external modulator. 
Fig. 12 shows the result of a 1,5ns laser ablation and Fig. 13 the result of 10ps laser ablation (stainless steel 
X1.4310). In area 1 of both cases the maximum power was applied. The pulse energy was reduced from area to area 
by 10%.   
Fig. 12.Pulse duration: 1,5ns.               Fig. 13. Pulse  duration: 10ps. 
The areas ablated with ps-pulses show CLP´s at all pulse energies over the complete ablation zone, shown in Fig. 
13. The surface structure has residues in addition to the increased surface roughness and oxidation. The ns-laser 
1 1
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ablated area shows no oxidation residues and CLP´s. This is also reflected in the visual inspection by the 
significantly higher gloss level of balances in the ns-laser ablation. In a ps-laser ablation this gloss is significantly 
reduced by surface structure and oxide residues. 
Previous work PIKOFLAT [3] shows that steel surfaces can be micro-structured with limited removal rates by 
ultra-short pulse lasers. This fact was confirmed in this current investigation. CLP´s were formed in the steel 
X1.4310 used here even at a depth of removal of 50 microns over the entire surface and does not allow a 3D micro-
structuring process with ultra-short pulse lasers with high pulse energies with high qualities. In comparison, the 
study shows also that pulse durations of 1.5 ns in the micro structuring of steel surfaces produce no CLP´s at all. The 
known side effects of the non-melt-free ablation with the 1,5 ns were minor and have had no effect on a layer to 
layer material removal. Thus, a qualitatively sufficient layered 2D removal can be carried out (Fig. 14). Fig. 15 
shows the result of engraving the same data asset with a ps-laser. 
  Fig. 14. Pulse duration: 1,5ns.               Fig. 15. Pulse duration: 10ps.
Further investigation of micro structured 3D embossing geometry, confirm the previous results, shown in Fig. 16.  
An 8-bit data set was transferred with 250 layers into the steel surface with an engraving depth of 100µm. In the 
“Schiller” head 3D profile a text with a height of 100µm was integrated. 

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Fig. 16. 30J/cm², 250 Repetitions , Ablation depth: 100µm, pulse duration: 1,5ns. 
Fig. 17 shows the engraving without the text. The result shows a constant roughness over the complete surface 
area, without any defects. The visible roughness is here given by the microstructure of the substrate. 

Fig. 17. 30J/cm², 250 Repetitions , Ablation depth: 100µm, pulse duration: 1,5ns. 
4. Discussion / Conclusion 
Three different laser systems with different pulse durations and with pulse energies between 30µJ and 40µJ were 
investigated. All three laser systems were integrated in a cylinder micro processing system with identical set ups in 
terms of beam delivery optics. In the study a significant dependence of the ablation rate on the pulse duration was 
observed depending. This means that an increased pulse length causes a decrease of the intensity or fluence and this 
in turn leads to a lower ablation rate. The amount of evaporated material per pulse is anti-proportional to the pulse 
length. In addition to the laser specific parameters, the thermal penetration gets more influence with an increased 
pulse duration. This means the heat penetration depth at the target increases with the pulse length and reduces the 
process temperature. At least the longer pulse regime generates an ablation with more molten volume. 
The underlying motivation of this comparison is the investigation of defects on steel surfaces by a laser ablation.
The three applied pulse durations have an influence on the quality when ablating steel surfaces. Micro structuring 
with 10ps and 150ps laser pulses generates CLP´s and holes even at the threshold. By increasing the pulse duration 
from the several 100ps (in this study 1,5ns) an ablation without CLP´s and holes at the ablation area is possible. In 
this regime the micro structure of the steel micro structure is disclosed and defines the roughness of the processed 
surface. The results show, that the roughness is stable with an increasing ablation depth. This allows a defined 3D 
micro structuring of steel surfaces, which was not possible with 10ps and 150ps laser pulses.  
The average power of the investigated 1,5ns laser was only 18W at a repetition rate of 600 KHz. The processing 
was due to the limited power carried out at a superficial scan velocity of 1.5 m/s. Due to the process, the removal 
rate could be further increased if a higher repetition rate and thus an average power is possible. An increase in the 
repetition rate by a factor of 10 makes also a higher surface speed by a factor of 10 possible. The removal rate of 
0.05 mm³/min could be increased to 0,5 mm³/min. In addition, the influence of higher pulse energies (>30µJ) has to 
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be investigated. In this matter the question araises, to what extend a higher pulse energy can be converted to a higher 
ablation rate with consistent quality. Currently there are only a few laser sources available with pulse durations 
between 100ps - 2ns with average powers that are useful for material processing. And generally, they have very low 
average laser power in the one Watt region. A development of laser sources with an average power of several 100W 
with 100ps to 1 ns pulse duration would be very demanding, especially in relation to the micro structuring of steel 
surfaces.
If this beam source is in addition combined with ps-pulses, the system could be operated with pulse duration to
achieve a high removal rate. The system with ns pulse duration would be supplement to achieve a high quality
surface for finishing. With the combination of both pulse durations in a laser system with a selectable seeding source 
at constant conditions and amplifier of a modular processing system could be realized. In this way, a very flexible
laser system can be built to meet versatile applications with different requirements in quality and speed. A variety of 
technology issues from the structuring of large surfaces with distinct ablation depth up to the microscopic structure
for security printing would be possible. Up to now such a beam source is not available in the market, but has a great
potential for applications to be integrated into the material processing systems.
For a further increase of the ablation rate, by several 100W average laser power, a splitting in multiple beams for 
parallel processing is inevitable. Parallel processing by multi beams is already applied by using diffractive elements 
in galvo-scanner systems [4]. This is a commonly static beam divider, where each beam is a copy of the incoming 
beam. For the cylinder micro structuring system for 3D micro structuring of cylinder surfaces each beam is 
necessarily modulated independently in order to transfer a 8-bit data set to a cylinder surface.  
So, this investigation gives an outlook on further developments in the laser field, e.g. of laser with adjustable 
pulse duration between 10ps and 1ns in the 100W regions, adequate beam splitter, multiple modulation system for 
the separated laser beams and a control unit to handle a digital data transfer. 
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